The stability orders of a number of alkaline earth oxide cluster isomers (MO) , M = Mg, Ca, Sr, Ba and 1 ≤ ≥ 6 have been determined by means of density functional theory studies using the LDA-PWC functional. Among the candidate structures, the hexagonal-ring-based isomers and the slab shapes are found to display similar stabilities. Stacks of hexagonal (MO) 3 rings are found to be the slightly preferred growth strategy among the (MgO) 6 , isomers. In contrast, the slab structures are slightly preferred for the other alkaline metal oxide (MO) 6 clusters. An explanation based on packing and aromaticity arguments has been proposed. This study may have important implications for modeling and understanding the initial growth patterns of small nanostructures of alkaline earth metals.
Introduction
In the last few years, considerable effort has been directed to the understanding of metallic and semiconductor clusters. Clusters are aggregates of atoms or molecules intermediate in size between individual atoms and bulk matter, and their studies provide an interesting way to develop materials with varying properties by changing size and shape. Hence, studies of cluster properties as a function of size have received prominence in recent years. While much progress has been made on clusters of metals and semiconductors, metal oxide particles are often considered to be bulk fragments. However, their structure and properties could be entirely different in small clusters [1] [2] [3] [4] .
In this work, we have performed a comparative study of the structures, stabilities, and properties of some alkaline earth metal oxides ((MgO) , (CaO) , (SrO) , and (BaO) ). Magnesium oxide crystallizes in the rock-salt structure and has some typical semiconducting properties, such as wide valence band (∼6 eV), large dielectric constant (9.8) , and small exciton binding energy (<0.1 eV). For bulk MgO, the experimental value of the band gap is 7.8 eV [5] . It is close to an ideal insulating ionic solid with a valence band structure dominated by the strong potential of the ionic cores. Studies of the electronic properties of MgO are motivated by its technological applications, such as in catalysis, microelectronics, and electrochemistry. Bulk MgO is relatively inert, but its reactivity is greatly enhanced in the nanoscale. The high surface area and the intrinsically high surface reactivity of MgO nanocrystals make these materials especially effective as adsorbents [6] . In fact, they have been called "destructive adsorbents" because of their tendency to adsorb and simultaneously destroy by bond breaking processes a series of toxic chemicals [6] [7] [8] [9] .
It is interesting to study a similar system like calcium oxide in order to assess whether those trends are a general feature of alkaline earth oxide clusters or not. From the theoretical point of view, Ca 2+ is larger than Mg 2+ , so we can expect ionic size effects to play an important role in determining structural differences. Besides, Ca
2+ is approximately six times as polarizable as Mg 2+ , and the polarizabilities of the oxide anions are also larger in CaO because the bonding is weaker than in MgO. Calcium oxide also crystallizes in the close-packed "rock-salt" structure and is primarily an ionic material, with some degree of covalency in its bonding. It is considered as a prototype oxide from the theoretical point of view, with a wide band gap (7.1 eV) [10] and a high dielectric constant (11.8) . Furthermore, local density approximation band structure calculations predicted 2 Journal of Theoretical Chemistry a half-metallic ferromagnetic ground state for CaO [11] . Nanocrystalline CaO is used as an absorbent to remove COD from paper mill effluent [12] .
Barium oxide is an oxide with interesting electronic and structural properties. It is also a precursor to the ferroelectric perovskite oxide BaTiO 3 and a component of the earth's mantle. Barium strontium oxide coated carbon nanotubes serve as field emitters [13] .
Theoretical work on ionic materials has been centered mostly in the family of alkali metal halides, and studies of metal oxide clusters have been comparatively scarce, despite their importance in many branches of surface physics, such as heterogeneous catalysis or corrosion. The mass spectra and collision induced fragmentation data for stoichiometric (MgO) + and (CaO) + cluster ions have been reported [14, 15] . The mass spectra of (CaO) Ca 2+ cluster ions [16] and experimental measurements of several singly and doubly ionized cluster ions of MgO and CaO by laser ionization timeof-flight mass spectrometry [17] [18] [19] [20] have also been published. Simple ionic models based on phenomenological pair potentials have been used to explain the global trends found in these experiments [17] [18] [19] [20] . Several ab initio calculations on stoichiometric MgO clusters have been presented [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] , but the growth of these clusters is still not well understood.
We aim to study the electronic properties of the clusters of these alkaline earth metal oxides using the density functional approach.
Computational Details
In the calculations reported in the paper, first-principles density functional (DF) calculations were performed using the DMol [5] code [33] [34] [35] [36] , available from Accelrys Inc. in the Materials Studio 3.2 package. The DFT calculations were carried out employing both the generalized gradient approximation (GGA) with the PW91 functional [37] , as well as the local density approximation (LDA) with the PWC (Perdew-Wang local correlation) functional [38] . Hybrid functionals such as B3LYP, though more accurate for metal oxide dissociation energies, cannot be efficiently used with plane waves and are hence not useful for calculations on solid materials [39] . Our calculations employed numerical basis sets of double-quality plus polarization functions (DNP) to describe the valence orbitals. This basis set is the numerical equivalent of the Gaussian basis, 6-31G * * . The cores of Ba
2+
and Sr 2+ were treated with the all-electron approach.
Complete geometry optimizations for all structures [MO] 1 ≤ n ≤ 6 were carried out. The atomic positions were relaxed to achieve minimum energy, until the system energy converged to 2 × 10 −5 Ha and the gradient to 0.004 HaÅ −1 . The SCF tolerance was set at 1 × 10 −5 and the maximum displacement at 0.005Å. The binding energies (BEs), the highest occupied molecular orbital (HOMO)-lowest unoccupied molecular orbital (LUMO) gaps, Fermi energies, and density of states were also computed. The reported binding energy values were corrected for zero-point vibrational energies.
Results
Various structures, including the slab, hexagonal, octagonal, ladder, and other types, were studied for various numbers of formula units of the four alkaline earth metal oxides. Various theoretical studies at different levels of calculations have been reported in the literature [1, 2, 29, 32, [40] [41] [42] , but there is no clear consensus regarding the suitability of LDA, GGA, or hybrid functionals for calculations on metal oxide nanoclusters. We therefore first compared results for the MgO molecular form obtained by different methods with the experimental quantities. The calculated LDA-PWC, GGA-PW91, B3LYP [40, 41] , and MP4 [40, 41] values for the binding energy are 3.69, 3.22, 2.03, and 3.22 eV, respectively. The latter three fall short of the experimental value [43] of 3.57 eV. The LDA result is far superior to the other calculations, although its tendency to overbind is clear from the result. Similarly, the computed Mg-O bond lengths are 1.743, 1.767, and 1.756Å, respectively, for LDA-PWC, GGA-PW91, and B3LYP [40, 41] [43] value of 4.76 eV than the B3LYP/6-311G(2d) [40, 41] value (4.28 eV). Though the GGA-PW91 value (4.55 eV) is in slightly better agreement with experiment, the LDA Ca-O bond distance (1.818Å) is in excellent agreement with the experimental [43] value (1.822Å), while the GGA value is considerably larger (1.843Å), reflecting the tendency of GGA to underbind. In the rest of the paper, therefore, we report the LDA results, but we also offer comparison with our calculated GGA results. 2 Where M = Mg, Ca, Sr, Ba. The optimized structures are rhombus shaped and planar ( Figure 1 Figure 1 gives the optimized structures for all the (MO) 2 moieties. In this figure, as well as all other figures, the metal ions are represented by green balls and the oxide ions by red balls.
Stabilities of Structures (MO)
(MO) 3 Where M = Mg, Ca, Sr, Ba. Table 1 summarizes the results for the various (MO) 3 systems studied here. Here, MO stands for the four alkali metal oxides, MgO, CaO, BaO, and SrO. For = 3, the two possible structures, namely, ladder and hexagonal, were studied for all the metal oxides.
(MgO) 3 . Both ladder and hexagonal ring starting structures optimized to a distorted hexagonal form with a binding energy of −23.33 eV (see Table 1 and Figure 2 (a)). It is well known that (MgO) 3 ring structures are competitive building blocks in the growth of very small MgO clusters [29] . This result is also in agreement with our earlier calculations [22, 23] for (MgO) 12 clusters, which optimized to stacked rings from initial cubic rock salt structures.
In this ring structure (Figure 2 of the oxygen ion in the system relative to the oxygen atom. Therefore, the energy is lowered by keeping the oxide ions away from each other. The GGA-PW91 values are similar, although the computed Mg-O bond distance is much larger (1.843Å), reflecting the tendency of GGA to underbind atoms. This structure has a high band gap (3.05 eV), which is much lower than that reported for bulk MgO [45] [46] [47] .
(CaO) 3 . For (CaO) 3 , however, it was found that both initial structures optimized to different geometries. LDA calculations indicate that the ladder structure is slightly preferred, while GGA calculations predict a slight tilt in favor of the hexagonal structure (∼0.1 eV). However, the energy differences are too small for one to make a definite statement regarding the relative stabilities. While the band gap for the hexagonal structure is 2.3 eV, that of the ladder structure is much smaller (1.8 eV).
In the ladder structure, there are two types of atoms-the central ones having a coordination number of 3, while the outer atoms having a coordination of 2 only and are more unsaturated. As a result, the Mulliken charge densities on the outer Ca atoms are 1.249, compared to 1.292 for the central Ca atom. Likewise, the terminal two-coordinate oxygens have a smaller negative charge (−1.240), while the central one has a partial charge of −1.311. The central bond length is also longer (2.294Å) compared to the outer ones (1.952Å). The increase in the central bond length can be understood in terms of the increased coordination of the central ions. The external field produced by the larger number of surrounding ions increases the ionic character of the central Ca-O bond, which resembles the Ca-O lattice limit (2.405Å), while the terminal atoms are closer to the molecular limit (1.822Å). The bond orders are 0.837 and 0.610, respectively. The Ca-O bond lengths and bond orders are 2.059Å and 0.566, respectively, in the Ca-O-Ca face, and 2.108Å and 0.662 in the O-Ca-O face. Again, this difference is due to the substantial ionic radius of O 2− , and the O-Ca-O face has two of these ions, compared to only one in the opposite face. Figure 2 (b) depicts the optimized structures. It can be seen that the bond angles about the oxygens in the ladder structure are obtuse, while those about the calciums are acute.
(SrO) 3 . For (SrO) 3 , the ladder structure is preferred by 0.16 eV. In this structure (Figure 2(c) 3 . For (BaO) 3 , again, two different structures are obtained. The ladder structure is slightly preferred (by 0.12 eV; see Table 1 ). The Mulliken charges on the atoms show a behavior similar to that observed for (CaO) 3 and (SrO) 3 ; that is, the charges on Ba 2c , Ba 3c , O 2c , and O 3c are 0.880, and −0.965, for ladder (CaO) 3 , (SrO) 3 , and (BaO) 3 , resp.), indicating the increasing involvement of the metal ion d orbitals and hence increasing covalency. As for SrO, the inner Ba-O bonds are longer (2.512Å), and have a bond order of only 0.436, but the outer Ba-O bonds are shorter (2.179Å), and the corresponding bond order is 1.160.
(MO) 4 Where M = Mg, Ca, Sr, Ba. In this case, three structures, namely, slab, octagonal, and ladder, were studied. Table 2 gives the calculated energies and the HOMO-LUMO gaps for the various structures. It is found that in all cases, the slab form is preferred over the other two. The energy differences are higher for this case, and the slab form is more emphatically preferred. Comparison of the calculated results is also made with B3LYP calculations [40, 41] .
(MgO) 4 . In the slab structure, all atoms are equivalent. We find that, from (MgO) 4 onward, three-dimensional structures are favored. (MgO) 4 has a cubic structure with rhombohedral distortion (Figure 3(a) ), each atom being tricoordinated. The Mulliken charge on Mg is 0.930, and all the Mg-O bond orders are 0.570. The bonding is therefore primarily ionic.
(CaO) 4 . For CaO, the slab structure is again preferred. Although both LDA and GGA indicate this preference, it is interesting to see that the optimized structures for the octagonal initial structure are different for the two cases ( Figure 3(b) ) and different from the initial ring structure, unlike the case of (MgO) 4 ( Figure 3(a) ). In the LDA case, the optimized structure consists of three fused rhombi, while the GGA optimized structure consists of fused six-and fourmembered rings.
(SrO) 4 and (BaO) 4 . (SrO) 4 and (BaO) 4 show behavior similar to (CaO) 4 , except that both LDA and GGA give similar optimized structures for the octagonal form. For this reason, only the optimized structures for (SrO) 4 are shown in Figure 3 (c). An interesting result is that, although the slab structure is preferred in all cases, the next important structure is the ring for (MgO) 4 , but for the other metal oxides, it is the ladder structure. Unlike (MgO) 4 , the initial octagonal structure undergoes considerable distortion in all other cases.
(MO) 5 Where M = Mg, Ca, Sr, Ba. The largest number of structures is possible in this case, namely, ladder, hexagonal, decagonal, chair, and many others (Table 3 ). In the case of MgO, both LDA and GGA predict that the most stable structure is the chair form. Similar is the case for CaO, that is, the chair form is the most stable structure, but in the case of SrO and BaO, the ladder form is found to be slightly preferred over the other forms. However, it may be noted that the energy differences are not very large for this stoichiometry.
(MgO) 5 . Although MgO seems to prefer hexagonal structures, interestingly, in this case, the hexagonal fused ring optimizes to the ladder structure (Figure 4(a) ). Similarly, the MgO-I and MgO-II starting structures optimize to the same geometry, which is a hybrid of one hexagonal ring fused with two four-membered rings. The lowest energy structure for (MO) 6 Where M = Mg, Ca, Sr, Ba. In this case, three structures, namely, slab, hexagonal, and ladder, were studied (Table 4) . Table 4 indicates that in the case of MgO, the stacked hexagonal form is the most stable, and the slab structure is higher in energy by 0.21 eV. This energy difference increases to 0.57 eV for the (MgO) 12 cluster [22, 23] . For the other metal oxides, the slab structure is preferred. The (MO) 6 system is the first system for which both the slab structure and the hexagonal structure are possible, and we can make a comparison of the two. We observe that the Mg-O bond distances in the terminal rings of (MgO) 6 are reduced when going from the rhombic (slab) to the hexagonal structure from 1.919Å in the former to 1.891Å in the latter. As for the ladder structures, the bond distance in the inner ring of the three-ring slab cluster (2.123Å) is markedly elongated as compared to the terminal bond distance. As expected, the outer Mg-O distance is closer to the molecular 1.822Å, while the inner ring distance is closer to the 2.106Å lattice limit. Two distinctly different interplanar distances (1.936Å and 1.898Å) are also observed, depending on which atom, Mg or O, sits on the terminal ring of the three-ring stack. It is larger when O is on the terminal ring because of the larger O 2− radius. The interplanar distance in the hexagonal stacked structure (1.980Å) is much larger than the Mg-O bond distance. The increased charge separation in the interior has only a minor effect on the terminal rings beyond that already seen for the double-ring (MgO) 4 system (1.943Å).
For CaO, we do not observe any Ca-O bond compression with increasing number of atoms in the terminal rings; that is, the bond lengths do not vary too much when going from the slab (2.108Å) to the hexagonal ring (2.106Å) structure. There is, however, an interior ring expansion (2.290Å) in the slab structure, similar to the MgO system, due to increased polarization of the Ca-O bond under the influence of the terminal rings. The terminal Ca-O bond distance in the three-ring stack is observed to be the mean of the 2.405Å lattice value and the molecular 1.822Å distance [43] .
The inner-ring Ca-O bond distance (2.288Å) is considerably closer to the bulk limit.
This behavior continues down the series. For (SrO) 6 , the optimized interior Sr-O bond distance (2.422Å) is similar to the lattice value (2.565Å), while the terminal ring distance (2.245Å) is smaller and closer to the gas phase value (1.920Å). For (BaO) 6 , the inner and outer Ba-O bond distances are 2.564Å and 2.379Å, respectively, compared to the gas phase and bulk values of 1.940Å and 2.762Å, respectively. An interesting trend is also observed. As the atomic number of the metal ion increases, the interplanar distance in the stacked hexagonal ring approaches the M-O distance in the ring, suggesting that spherical clusters become more important for the heavier alkaline earth metal oxides. For example, for (MgO) 6 , the ring and interplanar distances are 1.891 and 1.980Å, respectively. The corresponding distances are 2.118Å and 2.159Å (CaO), 2.272Å and 2.290Å (SrO), and 2.422Å and 2.431Å (BaO).
The inner ring bond distance is also only slightly larger than the bulk value for the (MgO) 6 slab, and the deviation from the bulk value increases with increasing atomic number of the metal, suggesting a faster overall convergence to bulk properties for MgO clusters than for other alkaline metal oxide clusters. Figure 5 depicts the optimized structures for the (MO) 6 clusters for different starting geometries.
Vibrational Frequencies.
For small MgO clusters, the experimental [48] vibrational frequency at 640 cm −1 matches with a strong resonance observed at 651 cm −1 in the highresolution electron energy loss spectroscopy (HREELS) surface phonon spectrum of the solid surface [49, 50] . The present calculations indicate that the vibrational frequency for this optically allowed stretching motion of oxygen atoms perpendicular to the surface of the (MgO) 6 hexagonal cluster is at 691 cm −1 (intensity = 512 km mol and 677 cm −1 (intensity = 705 km mol −1 ) (slab).
Electronic Structures.
As noted previously, the preferred geometry for the (MgO) 6 cluster is tubular, which becomes more stable than the rectangular bulk-like cluster due to stabilization of the occupied levels. The isosurfaces of the HOMO and LUMO reveal that these comprise mainly the 2p orbitals of oxygen and 3s and 3p orbitals of Mg, respectively, but the LUMO also has an oxygen 3s component (see Figure 6 ). Thus, the anion-centered nature of the HOMO indicates that its energy depends strongly on the O-O distances. In the hexagonal structure, the O-O distance is 3.45Å, compared to 2.86Å for the rectangular cluster. The smaller anion-anion repulsion in the nanotube stabilizes the HOMO, increasing the HOMO-LUMO gap. The electronic density of states (DOS) near the Fermi level for the two structures is shown in Figure 7 . The separation of bands for the hexagonal structure is about 3.3 eV, which is higher than that obtained for the slab cluster (2.9 eV), but considerably smaller than the value of 4.8 eV computed for bulk MgO.
The DOS plots for the nanotube and cube-like structure are qualitatively similar, but one important difference is noticeable. In the hexagonal structure, there is greater involvement of the Mg 2+ ion 3d orbitals near the Fermi level, although the population analysis reveals that the Mg electron configurations in the two are similar (3s 0.34 2p 6 3p 0.46 3d
0.26
for the hexagonal structure and 3s 0.36 2p 6 3p 0.45 3d 0.26 for the terminal slab ions). The peak height for the slab structure is also smaller. The computed electron configuration of the magnesium ion differs from the expected 2p 6 . The 3s, 3p, and 3d orbitals are occupied, leading to a formal charge on Mg closer to one than the expected two.
The densities of states were also calculated for the slab structures of the other (MO) 6 systems. These are shown in Figure 8 . It can be seen from Figure 8 that the involvement of d orbitals increases with increasing atomic number of the metal ion. Indeed, the participation of d orbitals increases from 0.263 in the terminal atoms of the MgO slab to 0.406 in CaO, 0.715 in SrO, and 0.835 for BaO. This happens at the expense of the p orbital population, so that the overall charge on the metal ion remains close to +1. For the inner metal ions, the participation of d orbitals is a little smaller. The additional electron comes from a 2p orbital of oxygen, and the oxygen atoms have electron configurations close to 1s 2 2s 2 2p 5 in all cases. Another noticeable feature is that, while the bands are sharp for the other (MO) 6 systems, they are broad for (CaO) 6 . In fact, CaO appears to exhibit some anomalous behavior, as the Mulliken charge on Ca is slightly higher than that calculated for the metal ions in the other metal oxides.
Discussion
The bond lengths and total energy per molecule for the lowest energy structures are given in Table 5 . The binding energy for a single MgO molecule is quite low in comparison to other clusters. The bond length (1.743Å) is, however, small. As the cluster size increases, the bond lengths and binding energies increase in an oscillatory manner. The bond length is elongated to 1.882Å in the most favorable structure of (MgO) 2 , which is a rhombus. The binding energy per molecule also increases significantly, though this value is still much smaller than that for larger clusters. The lowest energy structure for (MgO) 3 is planar and ring type, with each atom being bicoordinated. The Mg-O bond length in this case is shorter compared with the (MgO) 2 cluster, and there is a significant increase in the binding energy. The bond angles about oxygen ions are smaller than those about magnesium ions, but the MgO bond lengths remain the same within both planar structures. In some of the structures, notably the chair structures, a large variation in M-O distances within the cluster is discernible from Table 5 .
The increased stability of slab structures (both = 4 and = 6) is obvious from the binding energies per molecule for all systems (except (MgO) , for which the hexagonal ringbased structures turn out to be more stable), in agreement with previous studies [29, 32, 40, 41] . For n > 3, our results that ring structures lie higher in energy are in contrast with reported results [17] [18] [19] [20] , in which = 4 and 5 were reported to have ring structures. For all (MO) 4 , the slab structures are preferred over the octagonal ring and ladder structures. However, while for all the other (MO) 4 system, the ring structure is the least preferred, for (MgO) 4 it is preferred over the ladder structure. It may be noted that the ring structure undergoes considerable distortion in all cases except for MgO.
An important observation from the optimized threedimensional isomers is the chair-type structures of (MgO) clusters. This is very interesting, as it indicates the existence of some covalent bonding in MgO clusters similar to covalently bonded silicon, although MgO is considered to be ionic in the bulk. Covalent bonding in alkaline-earth oxides increases [51] as one goes from MgO to CaO, SrO, and BaO due to increasing involvement of d orbitals in bonding (Figure 8 ). While in bulk this is negligible for MgO, a reduction in the bond lengths in clusters could be responsible for the increased covalent character.
In the case of (CaO) , there is a consistent preference for slab-shaped structures, but the stability difference between the most stable and the second most stable structure is always small. Thus, hexagonal rings are slightly more stable than the slab-shaped structures in the case of (MgO) , whereas the opposite is true for (CaO) . Consequently, we consider whether this possible trend continues, that is, toward increased relative stability of the slab structures relative to the hexagonal. Whereas the overall patterns of the Sr and Ba compounds are similar to Ca, we note in the case of (BaO) 6 the lesser difference in stability between the slab and hexagonal ring-based isomers. Based on these observations, it can be concluded that there is no definite trend towards increasing preference for the slab shape with increasing atomic number on the metal for the small alkaline earth oxide clusters.
The similar values of the calculated Mulliken charges, approximately +1 on the metal ions in the various metal oxide clusters, make it difficult to assign an electronic cause for the slight preference for hexagonal structures in the case of MgO and slab structures for the other metal oxides. This leads us to believe that it is a packing effect rather than an electronic one. As stated in the sections above, due to the small cation size in MgO, the Mg-O bond is short, and, consequently, the four-membered ring in the slab structure is too strained. In order to accommodate the small cation and the large anion in the four-membered ring, the Mg-O bond length increases, leading to a weakening of the bonding and consequent instability. On the other hand, the octagonal ring structure is too open and is hence not favored for any of the metal oxides. This leaves the six-membered ring as a compromise for MgO systems.
An alternate explanation for the preference for the sixmembered ring structure in the case of MgO could be the existence of aromaticity. In order to quantify aromaticity, we used the nucleus-independent chemical shift (NICS) method proposed by Schleyer et al. [52] . The NICS values were calculated at the center of the six-membered ring (NICS(0)) and at a plane 1Å above it (NICS(1)) and compared with the corresponding values calculated for benzene. In this method, negative NICS values indicate aromaticity and positive values antiaromaticity. We had earlier [53, 54] concluded that the NICS(1) value is the best measure of aromaticity for benzene. The calculated NICS(1) value for benzene is −10.84, whereas the corresponding values for (MgO) 3 and (CaO) 3 ring structures are −2.05 and 2.75, respectively, clearly indicating that the MgO ring is about 20% aromatic, while the CaO ring is antiaromatic, accounting for the increased stability of the MgO ring.
Conclusions
An important finding of the present study is that hexagonal tube-like structures are preferred for (MgO) clusters, while slab-like structures are preferred for the other alkaline earth metal oxide clusters. Explanations based on ionic size effects and aromaticity have been proposed in this work. It is gratifying to note that experimental observations of mass spectra [14, 15, 48, 55] indicate the existence and stabilities of such stacked hexagonal rings, at least for small gas-phase clusters of MgO. Other experimental and theoretical [22, 23, 56] studies also provide evidence for the existence and stabilities of MgO nanotubes.
An outstanding result of the present study is the similar stabilities of the hexagonal-ring-based structures and the rock-salt-like slab-shaped isomers. While this observation is important as such and contradicts the exclusive nature of the latter structural shapes proposed previously [17] [18] [19] [20] , it is noteworthy how the stability ordering changes as the metal atomic number increases among the alkaline earth elements. In the case of (MgO) , the hexagonal-ring-based structure is the more stable one, although the energy difference between the two structures is small. Going to (CaO) , the situation is reversed in that the slab structure prevails. For (SrO) , the trend towards increasing stabilization of the slab structures continues, and the slab structure is evidently the more stable one. For (BaO) , the slab structure is still the preferred one, but to a lesser extent. An explanation based on simple packing arguments has been proposed to explain the variation in relative stabilities. Aromaticity in the (MgO) 3 ring also accounts for its stability.
It is difficult to find experimental verification for our results, as neutral clusters are difficult to study experimentally. Their structures are usually inferred indirectly from the mass spectra of ionized clusters, the more abundant species being interpreted as the more stable. However, the results from such studies on alkaline earth metal oxides are contradictory and depend on the process of formation of the clusters. Two conclusions, however, result from these studies. Firstly, for small clusters, hexagonal stacked rings are preferred for (MgO)
+ , but these give way to rock-salt cubic structures for large values of . Secondly, (CaO) + fragmentation clusters are found for both even values of and when is a multiple of 3. These results suggest that the basic cluster-building blocks are different for the two materials, as observed from the present calculations. The results of the experimental studies and our calculations can be reconciled if we assume that the neutral stoichiometric (MgO) and (CaO) clusters show structural differences: the basic building block is an (MgO) 3 hexagonal fragment in the case of MgO and a (CaO) 3 rectangular 2 × 3 (or double-chain) fragment for CaO, as the one found in the present studies. This difference is just a packing effect due to the larger overlap repulsion between anions in MgO since the cation size is very small and is also due to the aromaticity of the (MgO) 3 ring.
These experiments also suggest that the hexagonal ring and rectangular slab structures are topologically equivalent. Deformation along one of the directions orthogonal to the rings stack transforms it into the slab structure. As noted earlier, this intense vibration mode for (MgO) 6 occurs at a low wavenumber (691 cm −1 ). Thus, experimental knowledge of abundance of masses alone cannot distinguish between the two structures, and sophisticated calculations such as the present ones can only decide the relative stabilities. Our earlier studies [22, 23] on the (MgO) 12 cluster had indicated that the (MgO) 12 nanotube, consisting of four stacked hexagonal (MgO) 3 rings, is more stable than the bulk-like cubic structure by 0.48 eV. Moreover, the calculated energy barrier for the rearrangement of the cubic structure to the tube was found to be only 0.13 eV, and hence the two structures are easily interconvertible.
